BACKGROUND: It is well established that physical training enhances functionality and quality of life in patients with COPD. However, little data exist concerning the effects of the usefulness of oxygen supply during exercise training for > 3 months in patients with COPD who are normoxemic at rest and during exercise. We hypothesized that oxygen supply during training sessions enables higher training intensity and thus optimizes training results in patients with COPD. METHODS: In this blinded randomized controlled study, we carried out a 24-week training program with progressively increasing loads involving large muscle groups. In addition, we compared the influences of oxygen supplementation. Thirty-six subjects with moderate-to-severe COPD who were not dependent on long-term oxygen therapy trained under supervision for 24 weeks (3 times/week at 30 min/session). Subjects were randomized into 2 groups: oxygen supply via nasal cannula at a flow of 4 L/min and compressed air at the same flow throughout the training program. Lung function tests at rest (inspiratory vital capacity, FEV 1 , Tiffeneau index), cycle spiroergometry (peak ventilation, peak oxygen uptake, peak respiratory exchange rate, submaximal and peak lactic acid concentrations), 6-min walk tests, and quality-of-life assessments (Medical Outcomes Study 36-Item Short Form questionnaire) were conducted before and after 12 and 24 weeks. RESULTS: Independent of oxygen supplementation, statistically significant improvements occurred in quality of life, maximal tolerated load during cycling, peak oxygen uptake, and 6-min walk test after 12 weeks of training. Notably, there were no further improvements from 12 to 24 weeks despite progressively increased training loads. CONCLUSIONS: Endurance training 3 times/week resulted in significant improvements in quality of life and exercise capacity in subjects with moderate-to-severe COPD within the initial 12 weeks, followed by a stable period over the following 12 weeks with no further benefits of supplemental oxygen.
Introduction
One of the main symptoms of COPD is dyspnea caused by air-flow limitation; therefore, patients with COPD tend to abstain from strenuous physical activities. 1 As a consequence, a marked reduction in strength and endurance of peripheral skeletal muscles has been reported. 2 Besides a lack of exercise stimuli, muscle wasting may also originate from systemic inflammation 3 and corticosteroid therapy. 4 COPD is characterized by a pronounced exercise intolerance that occurs at an early stage of the disease. 5 There is strong evidence that COPD-induced exercise intolerance can be counteracted in part by regular physical activities. COPD guidelines recommend physical exercises as a substantial non-pharmacologic part of the therapeutic strategy. 6 According to the current guidelines, the beneficial effects of pulmonary rehabilitation and physical activity cannot be overstated. 7 The question arises as to what level patients with COPD are able to further enhance their performance capacity when the training period is expanded. Therefore, one outcome of this study was the comparison of changes in endurance parameters and quality of life within a supervised long-term training intervention lasting 24 weeks with an interim analysis after 12 weeks. The equivalence of physiologic benefits between continuous and interval training is well known in the literature. 8 Therefore, the training program was a mixture of continuous and interval training. However, the potential benefit of oxygen supplementation during exercise is still a matter of debate. Nevertheless, several studies have shown the positive effect of oxygen supply during exercise training in patients with COPD. 9, 10 We hypothesized that normoxemic subjects with COPD undergoing exercise training while breathing supplemental oxygen would reach a higher intensity and therefore improve in exercise capacity compared with subjects breathing air.
Methods

Subjects
This blinded randomized controlled study was conducted consecutively with 85 subjects with COPD. They were invited to take part when referred by general practitioners to the St Remigius Hospital in Leverkusen, Germany, from September 2009 to March 2011. The final evaluations were finished in September 2011. Subjects were educated in detail about study objectives, and written informed consent was obtained. Pre-training tests were performed, and training started individually within the next week. Workouts were carried out at the Trainingsinstitut Prof Dr Baum in Cologne. A criterion for fulfilling the training was participation in at least 80% of the sessions. Subjects were randomly allocated to one of 2 groups (see below). The randomization scheme was generated using the website Randomization.com (http://www.randomization.com) using a computer-generated list of random numbers to assign subjects to either the oxygen or compressed air group. The study was approved by the ethics committee of the German Sport University Cologne in Germany and registered at the German Clinical Trials Register (DRKS, www.drks.de) under registration DRKS00006077. Only subjects with a diagnosis of COPD and FEV 1 /FVC of Ͻ 0.7 after bronchodilation with FEV 1 of Ͻ 80% of predicted were included. A stable clinical condition for at least 4 weeks and normoxemia at rest and during exercise without oxygen supply (S pO 2 of Ͼ 90%) qualified subjects for inclusion. Subjects were instructed to avoid performing individual regular physical training until the study started. Exclusion criteria were other diseases that could interfere with training (eg, ischemic cardiac disease, muscularskeletal problems), desaturation during exercise of Ͻ 90%, and psychological disorders.
Assessments
Measurements were obtained following randomization at the beginning of the study (baseline), after 12 weeks, and within 1 week after the 24 weeks of training. Exercise tolerance was measured by the 6-min walk test (6MWT) and cycle spiroergometry. The 6-min walk distance was the primary outcome measurement, whereas maximum work load, maximum oxygen uptake (V O 2 ), and Medical Outcomes Study 36-Item Short Form questionnaire (SF-36) results were secondary outcomes. Exercise tests (6MWT and spiroergometry) were performed without any oxygen supply.
6MWT. Subjects were encouraged to walk at their own maximal speed (but without running) back and forth (30 m) according to the American Thoracic Society guidelines for the performance of a 6MWT. 11 To prevent bias from the testing supervisor, no encouragement was given. Subjects
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Current knowledge
Pulmonary rehabilitation is a comprehensive intervention that promotes improvements in exercise capacity, symptoms, and quality of life in patients with clinical and functional pulmonary impairment. The duration of exercise training required to impact a change is variable, and the role of oxygen supplementation during exercise is not defined.
What this paper contributes to our knowledge
Cycle training increased exercise performance and quality of life to comparable amounts after 12 weeks of structured physical training. Exercise performance reached a ceiling effect after 12 weeks. There was no influence of oxygen supplementation during exercise in normoxemic subjects with COPD.
were allowed to rest, but they could restart again within the allocated 6 min.
Spiroergometry. Spiroergometry was performed on a cycle ergometer (Emotion Cycle 400, Ergoline, Bitz, Germany) with subjects sitting in an upright position. Subjects breathed room air through a mask connected to flow and gas sensors (ZAN 680 spirometry system, nSpire Health, Oberthulba, Germany). Ventilation and inspiratory and expiratory P O 2 and P CO 2 were monitored continuously, and peak ventilation, peak V O 2 , and peak CO 2 release were calculated offline for the last 30 s before exhaustion. Heart rate was recorded by electrocardiogram leads via chest electrodes. After 3 min of rest, exercise started at 25 W and was automatically increased to 10 W every 3 min until subjective exhaustion. 12 Lactic acid concentration was determined at rest and at the end of each work load by means of arterialized blood taken from an ear lobe (Accutrend lactate analyzer, Roche Diagnostics, Mannheim, Germany). 13, 14 All exercise testing (spiroergometry and 6MWT) was performed in the afternoon.
Training Cycle Tests. Tests were conducted with the same work load protocol as for spiroergometry. One group was supplied with 4 L/min oxygen via a nasal cannula (oxygen group). An oxygen supply of 4 L/min was chosen to increase the oxygen content of the inhaled air from 21% to ϳ35%, according to our previous study, where we used 40% oxygen. 9 Another group received compressed air at the same flow via a nasal cannula (compressed air group). Lactic acid concentration was determined as described above, and heart rate was monitored with a heart rate monitor (FT60, Polar Electro, Lake Success, New York). Tests were conducted by an unblinded coach; the subjects and investigator were not aware of the group to which they belonged until the end of all experiments.
Subjective Parameters. Quality of life was assessed using SF-36. 15 This questionnaire includes the subgroups vitality, bodily pain, general health, mental health, physical functioning, physical role functioning, emotional role functioning, and social functioning. All scores range from 0 (worst condition) to 100 (best condition).
Training. All training sessions were individually conducted on the same ergometer and supervised by professional staff. All sessions lasted 30 min and were conducted 3 times/week. Both groups started with 12-week interval training followed by an additional 12 weeks of continuous training. Training intensity was assessed according to the baseline and 12-week training cycle tests and progressively increased every 3 weeks (Table 1 ). The total amount of work was identical in the continuous and interval training modes within a given period. The preference for continuous or interval training was indicated in a questionnaire in the post-training (after 24 weeks) evaluation.
Statistical Analysis
Sample size was calculated using the 6MWT before and after treatment as the primary outcome variable. Assumptions were based on the results of the only previous study performed in a similar population (double-blinded controlled study 9 ). Considering a mean improvement in the 6-min walk distance of 55 m with an SD of 90 m, a significance level of .05, and a power of 80% after treatment, there were 42 subjects included in each study arm. Data were analyzed using SPSS (SPSS, Chicago, Illinois). Continuous variables are presented as mean Ϯ SD, and categorical data are presented as a percentage. For comparative analysis, a 2-way analysis of variance was performed with the variables time, oxygen supply, and training mode. In the case of significant effects, Bonferroni post hoc analysis was done for detailed information. The limit of significance was set to P Ͻ .05.
Results
Nineteen subjects in the oxygen group and 17 subjects in the compressed air group completed the study. There were no baseline differences between the groups (Table 2) . Thirty-nine subjects did not complete the 12-week training intervention. During the 24-week follow-up, 10 subjects discontinued the study (Fig. 1) . Eleven subjects did not complete the training intervention for health reasons (mainly surgical interventions), 11 subjects because training was too extensive, 5 subjects for personal reasons (mainly training was too strenuous), 5 subjects sent no feedback, and 7 subjects due to exacerbations. No differences in age, COPD stage, and group (oxygen supply or air supply) were found between dropouts and other subjects. lung function in either group was observed at the beginning or end of the treatment period, suggesting that airway obstruction was a fixed determinant of exercise limitation.
Lung Function
6MWT
Before training, subjects in the compressed air group walked 551 Ϯ 106 m. After 12 weeks of training, they walked 621 Ϯ 76 m. The 24-week training mean distance amounted to 635 Ϯ 63 m. Subjects in the oxygen group walked 574 Ϯ 98 m at baseline and improved to 630 Ϯ 88 m after 12 weeks and to 647 Ϯ 99 m after 24 weeks of training (Fig. 2) . The differences between baseline and 12 weeks and between baseline and 24 weeks reached significance (P ϭ .001 for air supply, P ϭ .002 for oxygen supply), whereas the difference between 12 and 24 weeks failed to reach significance in both groups (P ϭ .27).
Spiroergometry
For all subjects, the maximal work load increased from 52.6 Ϯ 24.6 W at baseline to 63.0 Ϯ 26.9 W after 12 weeks of training and remained nearly constant in the post-training period (63.7 Ϯ 33.7 W). The physiologic variables at maximal work load are shown in Table 4 . Figures 3-5 illustrate the percentage change in maximal work load, peak ventilation, and peak V O 2 . In the compressed air group, the maximal work load increased from 54.6 Ϯ 22.4 W at baseline to 68.4 Ϯ 26.9 W after 12 weeks of training and remained nearly constant in the post-training period (68.7 Ϯ 25.7 W). However, there was no difference in the effect of training in comparison with the oxygen group.
Heart rate and lactic acid concentration tended to decline at submaximal work loads. The 35-W stages may be taken as an example because they could be performed by all subjects, but no significance was observed.
All subjects tolerated the stepwise increases in training load well. With respect to the training mode, 10 subjects preferred continuous training, 16 subjects favored interval training, and 10 subjects were neutral.
Quality of Life
In all subgroups of SF-36, an increase in quality of life could be detected. The main effect occurred between baseline and 12 weeks, whereas the results at 12 and 24 weeks were similar. Except for the subgroups bodily pain, emotional role functioning, and physical role functioning, the 
Discussion
We investigated the effects of a 24-week structured training program on normoxemic COPD subjects with or without oxygen supplementation throughout the training sessions. Three major findings resulted from this study. First, endurance training 3 times/week resulted in significant improvements in quality of life and exercise capacity in subjects with moderate-to-severe COPD within the first 12 weeks. Second, these effects remained stable over the following 12 weeks. Third, supplemental oxygen during the training program did not result in additional benefits in this COPD subgroup (without considering long-term oxygen therapy).
The potential benefit of oxygen supplementation during exercise is still a matter of debate, and hyperoxia has no clear effect on the results of exercise training in COPD subjects with or without documented desaturation during exercise. 16 A 1984 study showed promising effects of oxygen supplementation during physical rehabilitation on both inspiratory and leg muscles. 17 Unfortunately, the training prescription was relatively weak, and moreover, the investigation did not include a control group. Another study conducted a 7-week training trial in normoxemic subjects. Although the peak performance during incremental exercise testing did not significantly differ between groups, the authors found larger improvements in constant work time in the oxygen group compared with the air control group. 10 In our own double-blinded controlled pretest study, 9 we used 40% oxygen during exercise training via full-face mask and identified a higher possible work load during cycle training in comparison with the room air group after 12 weeks. The higher work load during exercise training in the oxygen group led to better results in the final tests. The change in oxygen application from a mask to a cannula may explain the different results compared with the baseline test situation. However, additional and also randomized controlled trials could not confirm the benefits. 18, 19 Previous studies showed no additional beneficial effects in COPD subjects who participated in pulmonary rehabilitation and experienced desaturation without severe resting hypoxemia. 20, 21 One explanation for the discrepancy may be the subjective and symptom-related control in training intensity progress (ie, subjects' dyspnea and fatigue) that has been used in most studies. To obtain identical relative loads in our subgroups, we fixed both the initial training loads and the progressive increase in work load a priori. However, we also could not find any effect of oxygen supplementation on peak performance or submaximal loads (6MWT) or quality of life. One finding of this study is a ceiling effect of training adaptation in COPD despite a progressive increase in training intensity. After 12 weeks of training, we measured an increase of ϳ22% in peak performance during cycling and an 11% extension of distance covered during the 6MWT. Surprisingly, although the training loads for the next 12 weeks adjusted to the mid-investigation peak performances and the progression of intensity was identical to the initial period, we could not detect any further increase in peak performance and only a non-significant improvement in walking distance (2.4%).
Moreover, peak V O 2 showed a ceiling effect, and quality-of-life parameters did not differ significantly between 12 and 24 weeks. This phenomenon occurred independently of the training mode in the second period (ie, continuous or interval exercises). This is similar to the findings of another trial in which the authors showed that interval training was associated with a lower intensity of dyspnea during exercise and fewer unintended breaks, achieving similar improvements in exercise capacity compared with continuous training in pre-lung transplant subjects with COPD. 22 However, with respect to training adherence, both forms should be offered to patients, and the choice should be made by the patients themselves.
Although several studies showed a seasonal impact on hospital visits of subjects with COPD, with a peak during winter, [23] [24] [25] as a cause of the actual ceiling effect, a systematic seasonal influence cannot be assessed. Our study was conducted throughout the year, so baseline, 12-week, and 24-week evaluations did not follow a uniform seasonal pattern. Also, a simple learning effect (ie, higher utilization of existing performance capacity within the first half of the training period) appears unlikely. At baseline and 12 and 24 weeks, mean lactate concentrations at the end of exercise were nearly identical. The peak lactate concentration of ϳ4 mmol in all tests indicates that the subjects with COPD ceased exercise when the lactate concentration exceeded maximal steady states (ie, at the ventilatory threshold). It has to be taken into consideration that our subjects performed endurance training exclusively using large muscle groups. In comparable studies of 7-week duration, 10, 18, 26 peak work load also significantly increased (range of 12-24%, mean of 18.4%), with improvement in peak V O 2 of only a small and mainly insignificant amount (0 -6%, mean of 3.4%). This indicates an enhanced mechanical efficiency (work per unit oxygen), which is supported by the fact that enhanced mechanical efficiency in untrained subjects with COPD is much lower than that in healthy subjects matched for age and activity level. 4 Our results may be explained by a completed gain in enhanced mechanical efficiency within the initial 12 weeks and a ventilation limitation that inhibits further progress in aerobic metabolism at least during training with large muscle groups.
Our study had some limitations. First, there was a relatively high dropout rate (49 of 85 subjects) during the study period, which is probably due to the long study period, the high level of training intensity, and the selected COPD subgroup, which showed exercise intolerance as described above in detail. Results of epidemiologic studies have shown that COPD is frequently associated with comorbidities, the most serious and prevalent being cardiovascular disease, lung cancer, osteoporosis, muscle weakness, and cachexia, as also seen in this study population. This might be the reason for the dropout rate. However, it has occasionally been observed in such settings. 27 Furthermore, our results cannot be applied directly to different training forms, such as strength training or endurance training with small muscle groups. Additional studies focusing on long-term effects of these alternative training programs should be performed.
Conclusions
Cycle training increases exercise performance and quality of life to comparable amounts after 12 weeks of structured physical training. Whatever factors contribute to improved exercise performance in subjects with COPD, it seems that they reach ceiling effects after 12 weeks when endurance training is performed with large muscle groups, with no further enhancement during the following 12 weeks and with no influence of oxygen supplementation during exercise.
